Germline mutations in the human checkpoint gene, hCHK2, were first identified in 1999 in cases of Li-Fraumeni syndrome. Recent studies have demonstrated that the hCHK2 1100delC mutation acts as a low-penetrance tumour suppressor gene in familial breast cancer not associated with mutations in BRCA1 or BRCA2. The present article describes the published studies on hCHK2 1100delC and addresses some of the key questions raised.
Introduction
A remarkable, albeit unexplained, feature of genes implicated in familial breast cancer is their apparent function within a cellular pathway designed to monitor and repair damage to DNA. BRCA1 and BRCA2 are thought to be components of the cellular machinery involved in the repair of chromosomal breaks through homologous recombination. TP53, the quintessential tumour suppressor gene, regulates an essential checkpoint that is activated in response to DNA damage and mediates both cell cycle arrest and apoptosis. Whereas the breast cancer risk associated with mutations in BRCA1 or BRCA2 far exceeds the risk for other types of cancer (e.g. ovarian cancer and pancreatic cancer), germline mutations in TP53 confer a high degree of susceptibility to many types of cancer, including breast cancer, bone and soft-tissue sarcomas, brain and adrenocortical tumours -so-called Li-Fraumeni Syndrome (LFS).
Strict clinical definitions have been established for the classical form of LFS [1] and for a broader Li-Fraumeni-like syndrome [2] . Germline mutations in TP53 are present in around 80% of families with LFS and in 40% of those with Li-Fraumeni-like syndrome [3] . The genetic lesion in families lacking abnormalities in TP53 is unknown, but the multiple cases of rare cancers arising at early ages makes it highly unlikely that these result from a chance aggregation.
Efforts at identifying subtle alterations in TP53 gene regulatory sequences have been unsuccessful, as has been the screening of many candidate tumour suppressor genes, including PTEN, p16, MDM2, bcl10, p63 and hChk1 (for a recent review, see [3] ). A classic LFS family with wild-type TP53, however, was found to harbour a mutation in the cell cycle checkpoint kinase hCHK2, which segregated with cancer susceptibility and demonstrated somatic loss of heterozygosity [4, 5] . The mutation 1100delC results in a frameshift within the kinase catalytic domain, and encodes a nonfunctional protein [6] .
The hCHK2 1100delC mutation: a highpenetrance or low-penetrance predisposition gene?
hCHK2 was initially identified as a potential tumour suppressor gene by virtue of its function within the DNA damage checkpoint in the yeast strain Schizosaccharomyces pombe. The yeast ortholog, Cds1, is activated by the ortholog of the ataxia-telangiectasia mutated (ATM) protein, Rad3, and in turn phosphorylates Cdc25, triggering a G2/M cell cycle arrest. In mammalian cells, however,
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Familial breast cancer and the hCHK2 1100delC mutation: assessing cancer risk the functional pathway appears more complex. hCHK2 is phosphorylated by ATM following DNA damage, but its phosphorylation targets include CDC25A, CDC25C, p53, and BRCA1 (for reviews, see [7, 8] ). hCHK2 therefore functions at a critical intersection of cellular pathways involved in the response to DNA damage.
The clinical spectrum of cancers associated with germline hCHK2 mutations may reflect their relative contribution toward the function of p53 and/or BRCA1. A small number of hCHK2 mutations have now been identified in families with either LFS or Li-Fraumeni-like syndrome. These include the frameshift 1100delC [4, 9] and the missense mutation R145W, which encodes a grossly unstable protein [5] . Another missense mutation, I157T, is of uncertain significance, since it exhibits defective in vitro phosphorylation of CDC25A and BRCA1 [10] , yet it is present in 2-6% of the Finnish population where it appears to be associated with only a small, if any, increase in cancer risk.
While the hCHK2 1100delC mutation clearly encodes a nonfunctional protein, the tumour spectrum initially reported with this germline mutation ranges from classic LFS [4] to atypical Li-Fraumeni-like syndrome, with a predominance of early-onset breast cancer [9] . Most recently, population-based analyses have demonstrated that this specific mutation is present in approximately 1% of the population and that it confers a moderately increased risk for breast cancer [9] .
An international consortium undertaking a genome-wide linkage analysis in breast cancer families lacking BRCA1/BRCA2 mutations identified one large family in which a complex pattern of inheritance of cancer susceptibility pointed to the hCHK2 gene on chromosome 22. A number of individuals within this pedigree (but not all) who had breast and some other cancers were found to harbour the 1100delC mutation. The consortium went on to undertake a large-scale population study of control individuals (n = 1620), of individuals with breast cancer unselected for family history (n = 636), of cases from families with a family history but no BRCA1/BRCA2 mutation (n = 1071) and of cases from BRCA1/BRCA2 families (n = 520). The hCHK2 1100delC mutation was present in 1.1% of the control group and in 1.4% of breast cancer cases unselected for family history. In familial cases of breast cancer lacking a BRCA1/BRCA2 mutation, however, the frequency of the hCHK2 1100delC mutation was significantly elevated, at 5.1% (P = 0.00000003). In families with the highest risk factors (identified by an increasing number of female breast cancer or a case of male breast cancer), the frequency was as high as 13.5% [11] . The authors calculated the risk conferred by the hCHK2 1100delC variant as 1.7 in females and as 10.28 in males (under a simple model where hCHK2 and other genes combine multiplicatively), and determined that around 1% of female breast cancer and 9% of male breast cancer is attributable to the hCHK2 1100delC variant. Finally, the observation that the prevalence of the hCHK2 1100delC mutation was only 1% in familial cases known to carry mutations in BRCA1 led the authors to postulate that inactivation of these two genes may be functionally redundant, consistent with the known phosphorylation of BRCA1 by hCHK2 following DNA damage.
These observations were supported by a Finnish population-based study, which reported a population frequency of the hCHK2 1100delC mutation of 1.4%, compared with a prevalence of 2.0% in sporadic breast cancer cases (odds ratio = 1.48, P = 0.182), and reported a frequency of 3.1% in one cohort of familial cases (odds ratio = 2.27, P = 0.021) and of 5.5% in a second independent cohort of familial breast cancer (odds ratio = 4.2, P = 0.0002) [12] .
Taken together, these population-based studies indicate that hCHK2 1100delC is a relatively common mutation in the population, which functions as a low-penetrance susceptibility gene for breast cancer [11, 12] .
Unanswered questions
These studies leave a number of unanswered questions. Does the hCHK2 1100delC mutation confer an increased risk for different tumours in addition to breast cancer, and how can we reconcile its low-penetrant phenotype based on population studies with its initial discovery in the highly penetrant LFS?
One possible explanation is selection bias in the analysis of cancer pedigrees. As amply demonstrated for BRCA1/BRCA2 mutations, the cancer risk derived from analyses of cancer kindreds is exaggerated by virtue of selection criteria aimed at collecting families in which most mutation carriers have developed breast cancer. A second explanation invokes the contribution of modifier genes, additional genetic variants in the population that may modulate the effect of hCHK2 mutations in different families. Whether one or both of these explanations contribute to the different phenotypes reported for the hCHK2 1100delC mutation, it remains possible that this mutation does confer an increased risk for tumours in addition to breast cancer, such as LFS-associated cancers that demonstrate somatic loss of heterozygosity. However, no statistically significant increase in risk for other tumours was noted in a population-based study [11] .
Further definition of the cellular hCHK2 pathway (i.e. the relative physiological significance of its phosphorylation of p53 versus BRCA1) will also help clarify its place in the pantheon of tumour suppressor genes. What then should clinicians say to women with familial breast cancer who are found to harbour the hCHK2 1100delC mutation? Guidelines for genetic counselling in patients with lowpenetrant mutations are not well established, and in some ways may be akin to recommendations for women who are found to have precursor lesions following an abnormal mammogram and are at moderate risk for developing breast cancer. The optimal timing and frequency of screening mammography and the potential utility of antioestrogenic chemoprevention in carriers of the hCHK2 1100delC mutation remain to be determined.
